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Abstract
Fish and plant assemblages in the highly modified Crane Creek coastal wetland complex of Lake Erie were
sampled to characterize their spatial and seasonal patterns and to examine the implications of the hydrologic
connection of diked wetland units to Lake Erie. Fyke netting captured 52 species and an abundance of fish in the
Lake Erie–connected wetlands, but fewer than half of those species and much lower numbers and total masses of
fish were captured in diked wetland units. Although all wetland units were immediately adjacent to Lake Erie,
there were also pronounced differences in water quality and wetland vegetation between the hydrologically isolated
and lake-connected wetlands. Large seasonal variations in fish assemblage composition and biomass were observed
in connected wetland units but not in disconnected units. Reestablishment of hydrologic connectivity in diked
wetland units would allow coastal Lake Erie fish to use these vegetated habitats seasonally, although connectivity
does appear to pose some risks, such as the expansion of invasive plants and localized reductions in water quality.
Periodic isolation and drawdown of the diked units could still be used to mimic intermediate levels of disturbance
and manage invasive wetland vegetation.
Great Lakes coastal wetlands provide valuable habitat for a
large variety of both river- and lake-associated fish species
(Herdendorf 1987; Jude and Pappas 1992; Wei et al. 2004;
Larson et al. 2013). However, the ecological condition of
river-mouth and lacustrine wetlands in the Great Lakes region
has declined significantly since intensive human development
in the coastal zone and upland landscapes began to accelerate
over a century ago (Campbell and Gavin 1995). This is partic-
ularly true of western Lake Erie, where changes in water qual-
ity and extensive hydrologic modifications have affected
contributing watersheds, the wetlands themselves, and the
coastal lake environs they border.
The Glacial Lake Plain of northwestern Ohio once sup-
ported a large area of coastal wetlands that comprised the east-
ern edge of the Great Black Swamp (Kaatz 1955). However,
more than 96% of the wetland habitats along the U.S. shore-
line of Lake Erie have been lost since the 1860s (Herdendorf
1987; Mitsch and Wang 2000), and most of the remaining wet-
lands along the shore have been isolated hydrologically by
earthen dikes to protect them from wave attack and to promote
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intensive management as migratory bird habitat. In fact, diked
wetlands constitute the majority of holdings managed by state
and federal refuge systems in the western basin of Lake Erie;
for instance, diked units comprise approximately 80% of the
U.S. Fish and Wildlife Service’s (USFWS) Ottawa National
Wildlife Refuge (ONWR). Water levels in diked coastal units
generally are controlled directly by managers to promote the
growth of wetland plants, inhibit the growth of invasive species,
reduce high turbidity, and provide optimal habitat structure for
waterfowl, shorebirds, and muskrats Ondatra zibethicus (Gray
et al. 2013). Although these diked units lie adjacent to the Lake
Erie shoreline, they do not provide many of the ecological func-
tions typical of coastal wetlands (e.g., migratory fish habitat and
fluvial nutrient and sediment retention), and often they are not
classified as coastal wetlands due to their hydrologic isolation
from the lake and coastal tributaries (Keough et al. 1999;
Albert et al. 2005; Simon and Stewart 2006).
Hydrologic connection to Lake Erie does not necessarily
ensure that coastal wetlands will provide quality habitat for
fishes and other aquatic biota. Intensive land development for
urban and agricultural uses has severely degraded the ecologi-
cal condition of most Lake Erie tributary systems (Herdendorf
1987; Kowalski and Wilcox 1999; Kasat 2006; Riseng et al.
2010). Although undiked wetlands remain hydrologically con-
nected to the lake, their water quality is often severely
degraded by nutrients, sediment export, and other contami-
nants (Maynard and Wilcox 1997). Additional factors, includ-
ing the presence of invasive species, the alteration of
watershed hydrology, and the armoring of banks and adjacent
Lake Erie shorelines, have also contributed to the severe deg-
radation of the few remaining undiked wetlands in this region
(Herdendorf 1987; Maynard and Wilcox 1997; Kowalski and
Wilcox 1999).
At a time when efforts to rehabilitate the degraded coastal
habitats of the Great Lakes are attracting unprecedented
national investment (Great Lakes Restoration Initiative 2010),
the need for careful, science-based evaluation and prioritiza-
tion of restoration activities has never been greater. Lake Erie
coastal wetlands undoubtedly require extensive water quality
rehabilitation and hydrologic rehabilitation. However, impor-
tant questions arise concerning the relationship between fish
habitat quality and hydrologic isolation, both in terms of the
direct impact on accessibility to fishes and the indirect impacts
on the wetland plant communities with which they are associ-
ated. Is there any ecological benefit in reconnection if water
quality remains poor or is made worse? Are there any ecologi-
cal trade-offs, such that potential gains in biological function
from restored connectivity are offset by potential losses caused
by reconnection to degraded upland habitat (e.g., potential
expansion of invasive plant species)? Given the potential risks,
what relative priority should we place on hydrologic reconnec-
tion as a component of coastal wetland rehabilitation?
Our study began to address these issues by examining fish
and plant assemblages in Lake Erie-connected wetland units
and adjacent diked wetland units located within the USFWS
ONWR. We documented seasonal patterns of biological com-
position and abundance in isolated diked wetland units and
lake-connected units with varying degrees of water quality
impairment and proximity to Lake Erie. Specifically, our
objectives were to (1) identify differences in fish species rich-
ness, abundance, and composition between the poorer-water
quality but hydrologically connected coastal wetland units and
the managed diked units; (2) characterize differences in plant
community quality and extent in relation to the connectivity
and water quality of the wetland units; and (3) consider the
implications of reconnecting the diked wetlands in terms of
fish habitat restoration.
STUDY SITE
We studied four sites within the Crane Creek drowned-river-
mouth wetland complex, which is managed by the USFWS
ONWR (4137042.99900N, 8312028.000800W) and is located
along the southern shore of western Lake Erie, approximately
48 km southeast of Toledo, Ohio (Figure 1). Crane Creek flows
into the over 370-ha wetland complex from the west and exits
to Lake Erie through a permanent channel between a break in
shoreline dikes on the eastern boundary. Bounding earthen
dikes that were built in the early 1900s constrict the channel
and its floodplain wetlands beginning at a point approximately
1.7 km upstream from the junction with Lake Erie, thus divid-
ing the connected drowned-river-mouth wetland into the upper
and lower marsh wetland units: Crane Creek upper (CCUp; 210
ha) and Crane Creek lower (CCLow; 160 ha).
As with many other drowned-river-mouth wetlands, water-
level fluctuations in Lake Erie drive the water levels in the
hydrologically connected coastal units (Keough et al. 1999).
Annual water levels in Lake Erie can fluctuate greatly (>1 m)
depending on antecedent climate. Short-term, wind-initiated
water-level oscillations (i.e., seiches) also occur, often with an
amplitude between 0.7 and 2.0 m, and can exceed 3.0 m dur-
ing major storm events (Herdendorf 1987). Thus, water depth
in these units varies over time but was less than 1 m in most
areas of the wetland during the present study. Large nutrient
loads from agricultural and point-source discharges in the
watershed contribute to poor water quality in CCUp and
CCLow and in their connecting channel with Lake Erie (Kasat
2006; Robertson and Saad 2011).
Earthen levees and rock revetment comprise most of the
unit boundaries, but robust emergent wetland plants (e.g., nar-
rowleaf cattail Typha angustifolia and common reed Phragmi-
tes australis) populate the perimeter of the marsh, while
floating-leaf assemblages of American lotus Nelumbo lutea
and longleaf pondweed Potamogeton nodosus extend further
from shore. Deep, silty sediments, often with abundant seed
banks (Barry et al. 2004), cover most of the wetland except in
a few areas where greater water velocities expose sand and a
hard-clay-pan bottom (Bowers 2003).
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Diked wetland units were located immediately adjacent to
Crane Creek (see Figure 1) on former coastal marshland.
Pools 2A (28 ha) and 2B (40 ha) are diked units that have been
hydrologically isolated from Crane Creek since the 1940s
except during a few major flood events (e.g., 1973). Diesel
pumps are used to move water into or out of the pools to
achieve specific management objectives (e.g., provide periodic
shallow-water shorebird habitat or initiate a seed bank
response), but precipitation and evapotranspiration can also
affect the water level in these units. During the study, water
depths generally were less than 1 m except in a few former
borrow pits, where water depths exceeded 3 m.
METHODS
Field sampling.—We used winged fyke nets to sample the
fish assemblages quantitatively. Nets in small frames (45 £
45 cm) and large frames (91 £ 91 cm) and with each of two
knotted mesh sizes (small D 0.48 cm; large D 1.27 cm) were
set at haphazardly determined locations within each of the
four sites to capture both large and small fish. For each sam-
ple within each site, we set eight fyke nets in 24-h sets for
two consecutive days during the spring (April–June), summer
(July–August), and fall (November) of 2004 and 2005. The
four large-frame nets were set facing the shore in water
depths of 1 m or greater, with 6–15-m-long leads perpendicu-
lar to and reaching shore and 3-m-long wings extending to
each side. The four small-frame nets were set similarly in
water that was less than 1 m deep. All nets were set with
leads extending into the edge of dominant emergent vegeta-
tion (e.g., narrowleaf cattail or American lotus) when present
at sampling locations. Data from the CCLow, CCUp, Pool
2A, and Pool 2B sites were analyzed individually. Catch data
from all nets were combined for each site, averaged over the
FIGURE 1. Location of the Crane Creek wetland complex adjacent to western Lake Erie. Emergent and submersed aquatic vegetation is noted for lake-connected
wetland sites (CCUp and CCLow) and isolated diked wetland units (pools 2A and 2B).
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number of nets yielding data (e.g., 16 nets), and expressed as
CPUE (fish/net-day).
Fish were identified, counted, measured (TL; nearest mm),
and released unless preserved for further taxonomic work. If
the number of individuals exceeded 100 for a given species,
then only a 100-fish subsample was measured for TL, and the
remaining fish were enumerated only. Biomass of each species
was estimated using formulas given by Schneider et al. (2000).
Plant community analyses.—To characterize the fish habi-
tat provided by wetland vegetation, we used aerial photo inter-
pretation and quantitative sampling of major vegetation
associations (per Kowalski and Wilcox 1999). Color infrared
aerial photographs at nominal scales of 1:8,000 and 1:24,000
were collected during July 2005, and major vegetation types
that were clearly definable on the photographs were ground-
truthed in the field. Preparation of aerial photos for stereo
interpretation with a mirror stereoscope was completed via the
procedures outlined by Owens and Hop (1995). We identified,
delineated, digitized, and georeferenced the boundaries of
major wetland vegetation associations in the study areas.
The composition of major vegetation associations was char-
acterized quantitatively to identify differences in fish habitat
between lake-connected wetland sites and diked wetland sites.
Wetland plants were sampled during August 2004 and 2005
by using up to twenty 1- £ 1-m quadrats placed haphazardly
in each dominant wetland vegetation association that was
identifiable in aerial photographs. Visual estimation was used
to assign a percent cover value to all identifiable plant species.
Herbaceous plant nomenclature followed that of eFloras
(2009), and tree nomenclature followed that given by Gleason
and Cronquist (1991). Plant species richness and species
importance values (sum of relative frequency and relative
mean cover; Curtis and McIntosh 1951) were calculated for
each site to characterize potential fish habitat.
Water quality analyses.—Monthly water grab samples
were collected at CCUp, Pool 2A, and Pool 2B during May–
November 2004 and April–June 2005 and were analyzed for
total soluble reactive phosphorus (SRP), ammonia-N, and
nitrite-N/nitrate-N by using standard methods (Kasat 2006).
At CCLow, water quality characteristics (i.e., dissolved oxy-
gen [DO], mg/L; temperature, C; turbidity, NTU; and pH,
measured using H ion concentrations) were recorded at 10-
min intervals from May 5 to October 24, 2005, by using a
YSI Model 6920 sonde (YSI, Yellow Springs, Ohio). Water
quality conditions in Pool 2B were not monitored continu-
ously in 2005, although periodic spot measurements were
made with a comparable sonde. To estimate the frequency of
oxygen stress in the diked units, we obtained hourly measure-
ments that were collected using a YSI Model 6920V2 sonde
in Pool 2B from June 23 to September 15, 2009 (J. Eash,
USFWS, unpublished data). These data were consistent with
but more complete than the 2005 spot measurements (K. P.
Kowalski and K. Huffman, USFWS, unpublished data). The
interquartile range method was used to remove outliers (i.e.,
greater than three times the interquartile range above the third
quartile or below the first quartile) from all logged data.
Data analyses.—General linear model nested factorial
design ANOVAs with Scheffe’s post hoc multiple comparisons
were used to test for differences between years, among seasons,
between connectivity types, and among sites (Data Desk soft-
ware, Data Description, Ithaca, New York). Preliminary analy-
ses made it clear that there were no significant differences
between 2004 and 2005, so our basic model explored the effects
of connectivity (connected D yes or no), season (spring, sum-
mer, or fall), site (see Figure 1), and the interactions of these
factors. Sites were nested in the treatment factor (CCUp and
CCLow in connected D yes; pools 2A and 2B in connected D
no). To prepare for multivariate analysis and to account for the
high variance of species in each sample, the biomass data were
log transformed (McCune and Grace 2002). Species that were
found at three or fewer of the sites were not included in the mul-
tivariate analyses (McCune and Grace 2002). To reduce data
dimensionality, PC-ORD version 5.27 was used to perform a
nonmetric multidimensional scaling of the abundance data
(autopilot mode set to “slow and thorough,” Euclidean distance
measure, random starting number, 500 runs with real data, 500
runs with randomized data, and 500 maximum iterations). The
Bray–Curtis dissimilarity metric (values from 0 to 1) was used
to describe differences in fish and plant community composi-
tion (Bray and Curtis 1957). Smaller values indicate greater
similarity in species composition.
RESULTS
Fish
Abundance and diversity.—We collected a total of 126,381
fish over 267 net-days of effort (see Supplementary Table S.1
in the online version of this article). Average abundance in the
diked unit samples was significantly lower (Tables 1, 2) than
that in the connected Crane Creek units (CPUE D 42 and 684
fish/net-day, respectively). Likewise, mean catch biomass was
nearly five times higher in the hydrologically connected marsh
units (14 kg/net-day) than in the diked units (3 kg/net-day).
Of the 52 fish species identified from these wetland samples,
all occurred in the hydrologically connected Crane Creek
units, whereas 25 occurred in the diked units. Mean sample
species richness was almost three times greater (P < 0.001) in
the connected units (28.8 species captured/net-day) than in the
diked units (11.6 species captured/net-day). Significant sea-
sonal differences were found in total biomass but not in
numerical abundance or species richness (Table 1). Biomass
was greatest in spring samples and decreased through the sum-
mer and fall (Table 2). There were relatively small but statisti-
cally significant site-specific differences. Post hoc compa-
risons indicated that CCLow (closest connected unit to Lake
Erie) had significantly greater fish densities and species rich-
ness than the other units.
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In the Crane Creek marsh units, the Emerald Shiner Notro-
pis atherinoides was the most numerically abundant species,
followed by the Gizzard Shad Dorosoma cepedianum, Tad-
pole Madtom Noturus gyrinus, and Bluegill Lepomis macro-
chirus. The Common Carp Cyprinus carpio, Bowfin Amia
calva, Smallmouth Buffalo Ictiobus bubalus, and Gizzard
Shad dominated sample biomass in CCLow and CCUp. In the
disconnected pools, the Bluegill was the most numerically
abundant fish taxon, followed by the Largemouth Bass Micro-
pterus salmoides, Green Sunfish Lepomis cyanellus, and Yel-
low Bullhead Ameiurus natalis. The Bowfin, Common Carp,
Northern Pike Esox lucius, and Yellow Bullhead comprised
most of the biomass in the diked units.
Community composition.—The composition of the fish
assemblage varied dramatically in relation to connectivity; for
the Crane Creek marsh units, the assemblage composition also
varied by season. In nonmetric multidimensional scaling ordi-
nation space, the seasonal variability and spatial variability in
species composition of the connected unit samples were strik-
ing (Figure 2), as was the relative lack of variability in the
composition of the diked units. Axis 1 reflected a gradient
(Table S.2) from centrarchid and typical floodplain species
(e.g., Bluegill, Green Sunfish, and Largemouth Bass) toward a
more diverse cyprinid and Great Lakes-related assemblage
(e.g., Alewife Alosa pseudoharengus, Spotfin Shiner Cypri-
nella spiloptera, Round Goby Neogobius melanostomus, and
Freshwater Drum Aplodinotus grunniens). Axis 2 captured
seasonal shifts in dominant species, with spring sample
composition being more distinct than the summer and fall
composition in connected Crane Creek units. Little seasonal
variability was evident in the diked unit samples.
All of the fish species found in pools 2A and 2B also were
found at CCLow. However, only 48% of the fish species cap-
tured at CCUp or CCLow were found in either Pool 2A or
Pool 2B. Some taxa were only found at one site (e.g., Silver
Chub Macrhybopsis storeriana, Golden Shiner Notemigonus
crysoleucas, and Silverjaw Minnow Notropis buccatus at
CCLow), but most were found at more than one site. The
Smallmouth Bass Micropterus dolomieu was the only species
that was found in Pool 2A or Pool 2B but not at CCUp. Eight
species that were captured in CCLow were not also captured
in CCUp, but only the Silverjaw Minnow was unique to the
CCUp site. Species composition of the two diked pools was
more similar between the pools than to either of the Crane
Creek sites (Bray–Curtis dissimilarity D 0.50), with the great-
est dissimilarity observed between Pool 2A and CCLow
(Bray–Curtis dissimilarity D 0.99).
Some differences between seasonality of the abundance and
biomass data clearly reflected spawning behaviors and
changes in age structure over the three seasons (Figure 3). For
example, over 67% of Gizzard Shad captured in the Lake
Erie-connected sites during spring were adults (TL >
30.5 cm; Trautman 1981). Later in the year, however, we
TABLE 1. Results of general linear model balanced factorial design
ANOVAs for abundance, biomass, and species richness (2004 and 2005 com-
bined) in sampled Crane Creek wetland units. Data were analyzed by season,
treatment (lake connected versus isolated), and site. Significant (P < 0.05) val-
ues are in bold italics.
Metric Season Treatment (connectivity) Site
Abundance 0.5371 0.0003 0.0307
Biomass 0.0004 0.0001 0.0257
Species richness 0.524 0.0001 0.0546
TABLE 2. Fish species richness, mean abundance (CPUE D fish/net-day),
and mean biomass (kg/net-day) for each season (Sp D spring; Su D summer;
Fa D fall) during 2004 and 2005 sampling in the Lake Erie–connected Crane
Creek wetland units (CCUp and CCLow) and in the adjacent diked pools
(pools 2A and 2B).
Richness Abundance Biomass
Site Sp Su Fa Sp Su Fa Sp Su Fa
CCUp 33 33 34 534.6 254.8 432.5 26.7 17.7 5.1
CCLow 41 42 35 824.7 703.9 1,348.4 20.0 8.2 4.0
Pool 2A 19 17 15 12.3 133.6 33.5 1.9 2.5 2.4
Pool 2B 11 13 11 35.7 20.3 14.7 3.8 1.7 4.2
FIGURE 2. Nonmetric multidimensional scaling ordination of fyke-net sam-
ples in species composition space. Note the wide seasonal and intersite varia-
tion of connected versus isolated wetland unit samples (circles D Pool 2A
samples; stars D Pool 2B samples; upward triangles [~] D Crane Creek upper
samples; downward triangles [!] D Crane Creek lower samples). Sample
code indicates season (Sp D spring; Su D summer; Fa D fall) and sample year
(04 D 2004; 05 D 2005). Final three-dimensional solution stress was 3.56620
after 237 iterations.
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found only age-0 and juvenile Gizzard Shad with a mean TL
of 5.7 cm (CCLow) in summer and 9.5 cm in fall, the season
when Gizzard Shad biomass was the highest (Figure 3).
Gizzard Shad were rare or absent in pools 2A and 2B.
Likewise, large numbers of Common Carp were caught in
the spring. Individuals captured during spring were almost
exclusively adults, whereas less than 10% of the Common
Carp captured in the Crane Creek units during the fall were
adult length (TL  30.5 cm; Trautman 1981). Total Common
Carp biomass also was lowest during the fall (P < 0.0031) at
connected sites. Although numbers were much lower, adult
Common Carp dominated the catch in Pool 2B during both the
spring and the fall. In contrast, Longnose Gar Lepisosteus
osseus using the wetlands were almost exclusively adults, and
they persisted in relatively high numbers from spring through
the summer sampling period. There was, however, little
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indication of age-0 Longnose Gar production, and this species
disappeared entirely from the fall samples, suggesting that
Longnose Gars used the wetland for foraging rather than for
reproduction.
Plants
Emergent wetland vegetation and submersed aquatic vege-
tation (SAV) accessible by fish were present in all units
(Table 3), but the composition of the plant assemblages var-
ied. The Bray–Curtis analysis indicated that the diked pools
were more similar in community composition to each other
than to the Crane Creek units, and likewise the plant commu-
nities of the Crane Creek units were more similar to each other
than to the plant communities of the diked pools. Pool 2B was
the most dissimilar to both of the lake-connected units: Bray–
Curtis dissimilarity was 0.84 for CCLow and 0.79 for CCUp.
In the Crane Creek units, 209.6 ha (or 54.8% of the total
area) were vegetated, with most (176.7 ha) located in the
CCUp site (84.1% of that site’s area). Forty-six plant taxa
were observed in CCUp (52 taxa when CCLow was included),
and the greatest importance values were calculated for emer-
gent species, including the broadleaf arrowhead Sagittaria lat-
ifolia (31.8), common reed (31.2), narrowleaf cattail (22.9),
American lotus (18.3), and needle spikerush Eleocharis acicu-
laris (14.8). Fifty percent of the plant taxa were forbs, and
four commonly invasive taxa were present (flowering rush
Butomus umbellatus, reed canarygrass Phalaris arundinacea,
common reed, and narrowleaf cattail).
The CCLow site supported 32.9 ha of vegetation (i.e.,
20.6% of the site’s area), which was mostly located adjacent
to the shore, on islands, or in small, isolated patches. Nine of
the 17 plant taxa found at the CCLow site were SAV species,
while only three taxa were classified as forbs. American lotus
and the invasive common reed had the greatest importance
values (41.5 and 41.5, respectively), and the invasive narrow-
leaf cattail had the next-largest importance value (29.7). Sev-
eral SAV species also had high importance values.
Based on interpretation of aerial photographs, 71.0 ha
(98.2%) of the diked wetlands were covered by woody plants,
herbaceous plants, or SAV. The Pool 2A site had the greatest
plant species richness (50 species), although Pool 2B (48 spe-
cies) also had greater richness than the CCLow and CCUp
sites. Forbs were the most frequently found plant type in both
pools. Approximately 24% of the species in Pool 2A were
SAV, with another 24% belonging to the grasses, sedges, or
rushes category. Pool 2B supported a greater percentage of
SAV plants (29%) than Pool 2A, yet only eight grass, sedge,
or rush species were found in Pool 2B (17% of the total). The
same two invasive plant species (i.e., flowering rush and nar-
rowleaf cattail) were present in both pools, but unlike the Lake
Erie-connected units, no other invasive plant species were
observed in the samples. Although water knotweed Polygo-
num amphibium primarily dominated Pool 2B (importance
TABLE 3. Calculated importance values for the plant species sampled in the
Crane Creek upper (CCUp), Crane Creek lower (CCLow), Pool 2A, and Pool
2B wetland sites. Plant species richness at each site is noted in the final row.
Site
Species CCUp CCLow
Pool
2A
Pool
2B
Forbs
Abutilon theophrasti 0.33 0.42 0.50
Alisma triviale 0.34 2.68 1.02
Ammannia robusta 6.61
Asclepias incarnata 0.42 1.52
Azolla caroliniana 6.09
Bidens cernua 1.83 1.40 4.40
Bidens connata 0.34 0.47
Bidens frondosa 0.47
Bidens sp. 1.11 4.77
Boehmeria cylindrica 0.92
Cicuta bulbifera 2.33
Cirsium arvense 0.42
Decodon verticillatus 1.68
Echinocystis lobata 0.33
Euthamia graminifolia 1.68
Galium trifidum 1.01 0.50
Hibiscus moscheutos 0.36 0.90
Impatiens capensis 0.98
Lindernia dubia 2.18
Ludwigia palustris 3.08 0.57
Lycopus uniflorus 0.67 3.20
Lythrum salicaria 1.38
Malva moschata 0.42
Melilotus alba 0.42
Mimulus ringens 1.40 3.01
Mosses (general, non-
Sphagnum)
1.04
Nelumbo lutea 18.25 41.54 19.61
Nymphaea odorata 0.45 2.40
Penthorum sedoides 1.55 0.95
Polygonum amphibium 22.25 39.58
Polygonum
hydropiperoides
0.40
Polygonum persicaria 0.64 0.87
Polygonum punctatum 0.69
Ranunculus flabellaris 1.31 0.45
Rorippa islandica 0.39
Rotala ramosior 0.79 2.32
Sagittaria latifolia 31.79 10.41 0.42 1.97
Sagittaria sp. 0.42
Saururus cernuus 1.59
Scirpus cyperinus 0.45
Scutellaria galericulata 0.45
(Continued on next page)
1136 KOWALSKI ET AL.
D
ow
nl
oa
de
d 
by
 [K
ur
t K
ow
als
ki]
 at
 05
:50
 21
 Ju
ly 
20
14
 
value D 39.6), Pool 2A supported a more robust SAV or float-
ing leaf assemblage composed of coon’s tail Ceratophyllum
demersum (26.2), longleaf pondweed (24.1), and Canadian
waterweed Elodea canadensis (23.9).
Water Quality
Crane Creek water flowing into the refuge wetlands had
elevated conductivity and nutrient concentrations (characteris-
tic of agricultural areas on the Erie Lake Plain), especially in
comparison with water flowing from the refuge wetland com-
plex to Lake Erie or water in the diked pools. Nitrate-N con-
centrations in Crane Creek at the ONWR boundary ranged
from 0.02 to 3.19 mg/L, with lower values associated with
warm summer flows that were stalled by Lake Erie seiche ele-
vations and accompanying anoxia. Conductivity ranged from
106 to 1,004 mS/cm, and SRP ranged from 0.01 to 0.23 mg/L.
In the CCUp wetland, nitrate-N concentrations ranged up to
1 mg/L (mean D 0.18 mg/L) and were higher than those in
CCLow (maximum D 0.26 mg/L; mean D 0.09 mg/L), as
were SRP concentrations (0.01–0.03 mg/L) and conductivities
(106–614 mS/cm). Water quality in the diked pools was even
better, with maximum values (observed in either pool) of
0.12 mg/L for nitrate-N and 0.06 mg/L for SRP. Conductivity
in the pools ranged from 200 to 627 mS/cm.
Continuous monitoring by sonde suggested that important
differences in turbidity and oxygen availability also existed
between the Lake Erie-connected Crane Creek marsh units
and the diked sites (Table 4). At the CCLow sonde, turbidity
averaged 59.4 NTU during the sampling period (minimum D
22.3 NTU; maximum D 127.5 NTU). Average daily DO
ranged from 5.6 to 15.2 mg/L during the summer growing sea-
son. Hypoxic conditions (i.e., DO < 3 mg/L; generally night-
time measurements) were observed on 9% of the days, and
DO levels less than 4 mg/L occurred on 21% of the days.
In Pool 2B, temperature conditions were generally similar
to those observed at the CCLow site. However, the daily mean
turbidity in Pool 2B was lower (19.4 NTU; minimum D 0.1
NTU; maximum D 71.6 NTU), and the daily mean DO ranged
TABLE 3. Continued.
Site
Species CCUp CCLow
Pool
2A
Pool
2B
Scutellaria lateriflora 2.90 1.47
Sparganium eurycarpum 5.31
Urtica dioica 2.69 1.40
Submersed aquatic vegetation or floating leaf vegetation
Ceratophyllum demersum 1.51 26.20 9.10
Chara vulgaris 0.45
Elodea canadensis 23.85 2.83
Heteranthera dubia 0.98 3.01
Lemna minor 6.36 16.25 0.42 2.75
Myriophyllum sibiricum 3.73
Myriophyllum spicatum 8.97 22.51
Najas flexilis 0.37 0.85
Najas minor 4.47 2.44 0.45
Nitella flexilis 1.38 0.97
Potamogeton crispus 0.70 2.77 0.43
Potamogeton foliosus 5.84
Potamogeton nodosus 17.85 17.36 24.08 13.41
Potamogeton pectinatus 3.08 7.05 6.32 1.44
Riccia fluitans 2.26
Ricciocarpus natans 2.78
Spirodela polyrhiza 0.68 4.06 1.27 3.64
Vallisneria americana 3.00
Zosterella dubia 0.47
Trees, shrubs, or vines
Populus deltoides 1.29
Salix cordata 0.34 14.41
Salix eriocephala 0.45
Salix exigua 1.36
Vitis sp. 0.33
Invasive emergent species
Butomus umbellatus 4.25 0.42 2.33
Phalaris arundinacea 1.77
Phragmites australis 31.23 41.53
Typha angustifolia 22.90 29.67 0.42 1.42
Grasses, sedges, or rushes
Carex comosa 0.47
Cyperus erythrorhizos 0.34 3.23
Cyperus sp. 1.35
Cyperus strigosus 0.45
Echinochloa crus-galli 5.19
Eleocharis acicularis 14.83 5.96 15.72 1.92
Eleocharis erythropoda 2.95
Eleocharis obtusa 0.45
Eleocharis ovata 2.38 2.36 4.80
Eleocharis palustris 1.02 0.87 5.48
Eleocharis sp. 0.43
Eragrostis hypnoides 0.51
Eragrostis pectinacea 0.51
(Continued on next page)
TABLE 3. Continued.
Site
Species CCUp CCLow
Pool
2A
Pool
2B
Juncus nodosus 0.33
Leersia oryzoides 3.55 1.42 1.82 17.47
Panicum capillare 0.42
Schoenoplectus
tabernaemontani
1.42 0.87 0.61
Scirpus fluviatilis 1.39 2.31
Species richness 46 17 50 48
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from 0.5 to 12.5 mg/L, with a daily mean of 5.8 mg/L. Hyp-
oxic conditions in Pool 2B occurred more frequently during
the summer, with over 48% of the days having DO levels less
than 3 mg/L; DO less than 4 mg/L occurred on 74% of the
days. This difference in oxygen stress for Pool 2B was appar-
ently related to the nighttime respiration demands of the exten-
sive SAV.
DISCUSSION
Despite the generally poorer water quality delivered by
Crane Creek to its river-mouth wetlands, utilization of CCLow
and CCUp by fishes was greater than the utilization of diked
pools, and productivity in the free-flowing units significantly
and greatly exceeded that in the adjacent diked wetland units.
Despite acknowledged difficulties in reducing nutrient and
sediment loads from Lake Erie watersheds, it seems that
hydrologic reconnection of these and similar diked wetland
units could be a relatively easy means to bolster coastal Lake
Erie fish populations. Differences between fish assemblages in
coastal and diked wetlands have been noted for many years
(Johnson 1989; Johnson et al. 1997; Markham et al. 1997;
Bouvier 2006), but this study demonstrated that (1) many
fishes access even degraded Lake Erie coastal wetland habitats
(e.g., those with poor water quality and invasive plant species)
throughout the year; (2) there are large seasonal variations in
patterns of utilization by many fishes; and (3) there may also
be ecological risks involved with hydrologic reconnection,
including increased nutrient loading and turbidity, reduced
SAV coverage in connected coastal marshes, and increased
facilitation of invasive plants.
Dynamic Use of Lake-Connected Wetlands by Fishes
Unlike the adjacent isolated diked units, the lake-connected
Crane Creek wetland supported a diverse suite of fishes and
was a very productive environment, with a high yet seasonally
variable biomass of fish. At least 52 fish species were using
CCUp and CCLow even though water quality conditions were
relatively poor (Kasat 2006) and the few vegetated areas were
dominated by a limited suite of plant species. Compared with
previous studies of fishes using Lake Erie coastal marshes, our
results suggest that these habitats continue to be highly pro-
ductive and ecologically valuable even after decades of degra-
dation (Johnson 1989; Jude and Pappas 1992; Maynard and
Wilcox 1997; Kowalski and Wilcox 1999; Riseng et al. 2010).
A number of the species we observed to use the marshes are
important components of the open-water fishery in Lake Erie;
for example, White Bass Morone chrysops, Channel Catfish
Ictalurus punctatus, Smallmouth Bass, and Silver Chub are
recreationally or commercially harvested (Herdendorf 1987;
Nepszy 1999). The lake-connected habitats were also used by
several listed species or species of concern in Michigan, Ohio,
and/or Ontario, Canada (e.g., Sand Shiner Notropis strami-
neus, Black Buffalo Ictiobus niger, Silver Shiner Notropis
photogenis, and Western Banded Killifish Fundulus diaphanus
menona). The widespread use of these habitats by important
prey species (e.g., Gizzard Shad, Emerald Shiner, and Spottail
Shiner Notropis hudsonius) is consistent with earlier observa-
tions by others (Mansfield 1984; Chubb and Liston 1986;
Lapointe 1986; Stephenson 1990; Jude and Pappas 1992; Wei
et al. 2004; Bouvier 2006; Bouvier et al. 2009) and reinforces
the idea that even Lake Erie coastal marshes with degraded
conditions (e.g., marshes that are present yet limited in extent
and composition) are useful to coastal fish communities. These
abundant forage species, in addition to age-0 fish of all spe-
cies, not only provide food for larger local predatory species
in the wetlands (e.g., Longnose Gar, Northern Pike, and Large-
mouth Bass; Scott and Crossman 1998) but also for the many
piscivorous waterbirds (e.g., bald eagle Haliaeetus leucoce-
phalus, great egret Ardea alba, and great blue heron Ardea
TABLE 4. Summary statistics for water quality data collected at the Crane Creek lower site (CCLow; May 5–October 24, 2005) and the diked wetland site Pool
2B (June 23–September 15, 2009; Pool 2B data are courtesy of Josh Eash, U.S. Fish and Wildlife Service).
Variable
Min
daily mean
Max
daily mean
Daily
mean SD
Max
daily range
Date of
max range
% days DO
< 3 mg/L
% days DO
< 4 mg/L
CCLow, 2005
Temperature (C) 9.9 29.8 22.1 4.9 11.7 Oct 1
DO (mg/L) 5.6 15.2 9.3 1.8 16.6 Oct 4 9.0 21.2
Stage (m) 174.1 174.4 174.2 0.1 0.6 Aug 31
pH 7.9 9.2 8.6 0.2 2.4 Oct 18
Turbidity (NTU) 22.3 127.5 59.4 21.7 221.3 May 11
Pool 2B, 2009
Temperature (C) 18.6 33.2 23.9 2.0 6.7 Sep 13
DO (mg/L) 0.5 12.5 5.8 1.3 10.4 Sep 8 48.2 74.1
Stage (m) 174.0 174.6 174.4 0.1 0.4 Aug 29
pH 7.6 9.5 8.5 0.4 1.6 Aug 8
Turbidity (NTU) 0.1 71.6 19.4 8.6 65.9 Sep 4
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herodias) that are found in large numbers at the Crane Creek
unit of the ONWR (Martin 2000).
Observed seasonal variability in hydrologically connected
wetland fish assemblages and biomass is related to many fac-
tors, including changing water quality, species reproductive
strategies, and other life history traits, and may also reflect
some sampling biases related to water level (Jude and Papas
1992; Scott and Crossman 1998). For example, although sum-
mer was generally the period when the fewest fish were caught
during our study, a few species were numerically abundant
during the summer months (e.g., Channel Catfish, Gizzard
Shad, White Bass, and White Crappie Pomoxis annularis).
Obviously, the inaccessibility of adjacent diked wetland habi-
tats prevented their use by the same suite of fish, even though
those pools could have provided habitats dominated by a more
diverse and extensive assemblage of wetland plants than
would be found in the lake-connected sites. Reproductively
mature fish appeared to be using the Crane Creek marsh habi-
tats mostly in the spring, likely for purposes of finding suitable
spawning conditions (e.g., warmer water, egg attachment sites,
and protection from predators). For example, during the
spring, 100% of the Gizzard Shad captured at the CCUp site
and nearly 67% of those captured at the CCLow site were
large enough to be considered adults (Trautman 1981). It is
likely that these fish were there to spawn or were feeding in
the productive shallows before spawning in Lake Erie near-
shore areas. By summer, large shoals of young Gizzard Shad
were using the wetland as a nursery even though the water
temperature was quite warm and there were large diurnal
swings in DO level (K. P. Kowalski, personal observation).
Lower catch biomass for these fishes during the summer may
reflect both smaller size and reduced fyke-net capture effi-
ciency for age-0 fish. Lower overall abundance of Gizzard
Shad in the fall was probably attributable to age-0 mortality
and the emigration of all size-classes to Lake Erie.
Even if a temporary hydrologic connection had existed in
the spring (due to overdike flooding or pump-entrained pas-
sage), the diked wetlands would have made relatively poor
nursery areas because the fish would have been unable to emi-
grate to better habitat when DO levels and/or water levels fell
during the warm summer months (Johnson 1989). Overnight
DO levels reached problematically low levels (e.g., <3 mg/
L). Both connected and isolated study units experienced these
seasonal stresses, although they were more severe in the diked
units. Fishes in the lake-connected units had accessible refugia
in Lake Erie, and diel migrations to and from the marshes
were observed with a dual-frequency identification sonar at
the mouth of Crane Creek (K. P. Kowalski, personal observa-
tion). However, fishes in the diked wetlands are trapped there,
and lower summer and fall biomass levels probably repre-
sented mortality. Finally, as pointed out by Johnson (1989),
whatever recruitment does occur in the diked units has little
relevance to coastal Lake Erie population dynamics since
those fishes are retained in the diked units.
Some species, such as the Common Carp, had seasonally
declining catches in the connected units, with their lowest bio-
mass levels occurring in the fall. Adults that were observed in
the spring tended to leave the marsh after spawning and
appeared not to return—a movement pattern that was previ-
ously noted by Jude and Pappas (1992) and Penne and Pierce
(2008). Although some managers have expressed concern that
opening diked wetlands to access by fish might lead to
increased wetland damage by mature Common Carp (e.g.,
uprooted vegetation and higher turbidity from feeding; K. P.
Kowalski, personal observation), disturbance should decrease
after the spawning season if the mature Common Carp are
allowed to leave. Other, less-destructive fish (e.g., Longnose
Gars) followed similar seasonal patterns, as they accessed the
connected wetland habitats only in the spring and summer,
with a retreat to Lake Erie at other times of the year.
Only small fish are able to enter and exit the diked wet-
lands, and then only via the pumps that are used to move water
to or from Crane Creek—a period of, at most, several days per
year. Presumably, large fish are excluded from the pools
completely. These conditions support the development of fish
assemblages in the diked pools that are distinct but not unique
in comparison with the fish assemblages found in the lake-con-
nected CCUp and CCLow sites (Table S.1). All 25 of the fish
species that were found in pools 2A and 2B were also found at
the Crane Creek sites, suggesting that the fish species in the
diked wetlands constitute just a pumped-in subset of the
greater source populations in Crane Creek and Lake Erie. The
most abundant fishes in the Crane Creek wetland assemblage
(e.g., Gizzard Shad and Emerald Shiner) were probably a
larger component of the diked wetland assemblage after the
last major breach of the earthen dikes in the early 1970s. How-
ever, once the isolation of the diked wetlands was re-estab-
lished, the long-term survival of these fish was unlikely
because of harsh environmental conditions, predation, or peri-
odic drawdown. Nighttime DO minima, for example, were
generally even lower in the diked units than in Crane Creek
proper. Dissolved oxygen dropped low enough to create hyp-
oxic conditions in the deepest section of Pool 2B on more than
48% of the days in which we collected samples. Many species
may have been extirpated by the low-DO conditions, but they
also may have been outcompeted by species that are better
adapted to the shallow lentic habitat (e.g., the Common Carp,
Black Bullhead Ameiurus melas, Bluegill, and Largemouth
Bass). The large diversity of plant species and structural forms
(i.e., habitat complexity) in the diked wetlands provided exten-
sive habitat for centrarchids, thus potentially promoting
increased fish diversity (Emery 1978) even without the pres-
ence of lake-associated species. Johnson et al. (1997) observed
similar conditions in other Lake Erie wetlands and also con-
cluded that the diked wetland fish communities were isolated
and distinct from other nearby populations. More specifically,
an analysis of the size and age of White Crappies also sug-
gested that diked wetland populations were functionally
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isolated from those in coastal wetlands despite occasional
water exchange (Markham et al. 1997).
Implications for Habitat Rehabilitation
Wetland management actions (e.g., exotic species removal
and periodic dewatering) commonly aim to promote the
growth of emergent vegetation and to maximize food and hab-
itat for shorebirds, ducks, and other migratory waterbirds
(Gray et al. 2013). Historically, little consideration has been
given to improving habitat for fishes, although it is commonly
presumed that plant community diversity is beneficial to wet-
land fishes (Scott and Crossman 1998; Mitsch and Gosselink
2007). Although not always supporting greater plant species
richness, the resulting plant assemblages are often reported to
be robust and well established in comparison with nearby
coastal wetlands that have been degraded by poor water qual-
ity, extended periods of high water levels, or shoreline armor-
ing (Sherman et al. 1996; Gottgens et al. 1998; Thiet 2002).
However, isolation from the fluctuating water levels in Lake
Erie prevents these diked habitats from maintaining diverse
plant assemblages without the regular management drawdown
actions that mimic lake-driven events.
Management of water levels and control of invasive plant
species (e.g., common reed and purple loosestrife Lythrum sal-
icaria) by refuge managers over the previous 35 years have
undoubtedly contributed to woody, herbaceous, and aquatic
vegetation covering over 99% of Pool 2A and 98% of Pool 2B
(Martin 2000). These plant assemblages were quite similar to
each other, yet very different from those of the degraded
CCLow site, which supported a much lower plant species rich-
ness but much higher fish abundance and fish species richness.
Surprisingly, the CCUp site was similar in plant species rich-
ness to pools 2A and 2B even though CCUp was exposed to
many of the stressors (e.g., Common Carp access, shoreline
armoring, and high nutrient loads) that degraded the CCLow
site. The greater plant species richness in CCUp was probably
associated with the suite of species growing in the higher-ele-
vation wet meadows and transitional mudflats on the margins
of that unit, but the higher level of plant species richness did
not translate into increased fish habitat usage relative to
CCLow. Similarly, the diverse and extensive plant-rich habi-
tats of the diked pools did not translate into increased habitat
for fishes compared with the more degraded but connected
wetland units.
The results of this and related studies suggest that maintain-
ing and enhancing hydrologic connectivity are vital to the
rehabilitation of fish habitat in Lake Erie coastal wetlands. If
permanent hydrologic reconnection can restore access to vege-
tated fish habitat but leads to some ecological degradation of
the wetland plant community, are there options to minimize
that impact? Wilcox and Whillans (1999) suggested that mim-
icry of natural processes (e.g., hydrology) is a good rehabilita-
tion philosophy, so we argue that careful management
intervention can be used to mimic natural hydrologic fluctua-
tions while still maximizing the seasonal use of wetlands by
Lake Erie fishes. Some authors (e.g., Rogers et al. 1994) have
suggested that only opening fish passage or water-control
structures at certain times of the year could reduce the negative
impacts of an impoundment while still excluding problematic
species. However true this may be, we suggest that anything
less than full hydrologic connection throughout the entire year
will impact the Lake Erie fish assemblages negatively, as our
results show that many different coastal fishes use wetland
habitats at different times and for different purposes. Access
to valuable coastal wetland habitat could be restored by using
an appropriately designed fish passage structure that allows
fish of most shapes and sizes to pass through while periodi-
cally excluding larger invasive species like the Common Carp
(French et al. 1999). Gated or other structures that can be
closed temporarily also could facilitate infrequent manage-
ment actions that may require isolation of an area (e.g., dewa-
tering an area to stimulate a seed bank [Kowalski et al. 2009]
or to remove invasive wetland vegetation) to achieve broader
habitat management objectives.
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